A variety of factors, including concentration of oil, antibiotics, dyes, and inoculum washes, were examined to determine their effect on the total counts of microorganisms on oil-containing media. The media found to be best for enumerating petroleum-degrading microorganisms contained 0.5% (vol/vol) oil and 0.003% phenol red, with Fungizone added for isolating bacteria and streptomycin and tetracycline added for isolating yeasts and fungi. Washing the inoculum did not improve recovery of petroleum degraders. Specifically, silica gel-oil medium and a yeast medium are recommended for enumeration of petroleum-degrading bacteria and yeasts and fungi, respectively. It is suggested that counts of petroleum degraders be expressed as percentage of the total population rather than total numbers of petroleum degraders per se. Incubation temperature and presence of oil was found to influence the numbers of petroleum-degrading microorganisms at a given sampling site.
Because of the markedly increased exploration for oil and related energy sources, public attention has been directed to environmental effects of such exploration, particularly with respect to potential contamination of the environment with oil. Since the first line of defense, so to speak, against oil pollution in the environment is the microbial population, it becomes imperative to know whether microbial degraders of oil are present in water and soil of the area to be impacted. Hence, enumeration of petroleum-degrading microorganisms is important both to determine the potential for removal of oil via microbial degradation and to assess the amount of oil pollution that has occurred, if the populations of petroleum-degrading microorganisms prove to be related to the concentration of polluting oil present.
In this study, petroleum-degrading microorganisms were isolated from samples of seawater and bottom sediments at stations located between 400 south latitude and 60°north latitude (32) . Several methods were used to enumerate the petroleum-degrading bacteria, including the most-probable-number (MPN) method (9, 13, 33) and plating on oil agar (7, 23) , agar in inverted petri dishes with an oilsaturated filter on the bottom of the petri dish (16) , and silica gel-oil agar (5, 18, 24) . Some of these methods were evaluated with respect to enumeration of petroleum-degrading yeasts, fungi, and bacteria from estuarine and marine samples. ' Present address: Environmental Technology Center, Martin Marietta Corp., 1450 South Rolling Rd., Baltimore, Md. 21227.
MATERIALS AND METHOI)S
Sampling and identification of isolates. Methods for sampling water and sediment and procedures for identifying the pure cultures isolated have been described elsewhere (23; J. J. Calomiris, J. D. Walker, and R. R. Colwell, J. Appl. Bacteriol., in press).
Media. The basal media used in the isolation of heterotrophic bacteria and the yeast medium for the isolation of heterotrophic yeasts and fungi have been described elsewhere (26) . Oil agar (OA) no. 2, a selective medium used for the isolation of petroleum-degrading microorganisms, has also been described previously (25) . Several dyes and agars were compared in this study. All platings were done in duplicate.
The five-tube MPN technique was also used to estimate the number of petroleum-degrading microorganisms (1); 5 ml of double-strength oil salts solution (26) was inoculated with 5 ml of water or sediment and 10 ml of single-strength oil salts solution was inoculated with 1 or 0.1 ml of water or sediment (Table 1) . Fungizone (final concentration, 10 /g/ml) and streptomycin and tetracycline (final concentration, 50 ,tg/ml each) were added to media as appropriate.
Silica gel medium was prepared by using the procedure of Funk and Krulwich (8), as described previously (5) . Double-strength salts solution was prepared by adding 2 g of KNO:,, 1 g of MgSO4, 3 mg of phenol red indicator, and 10 ml of nondetergent motor oil (10-20 weight) to 1 liter of distilled water. Potassium silicate was prepared by dissolving 10 g of silica gel (Fisher grade 923, 100 to 200 mesh) in 100 ml of 7% KOH with heating. The salts solution and potassium silicate were dispensed separately in 50-ml aliquots to 125-ml Erlenmeyer flasks and autoclaved for 15 min at 121 C, 1 atm. After the salts solution cooled to ambient temperature, 0.5 ml 198 Portions of the water samples were plated immediately, and the rest of the sample was centrifuged at 360 x g for 15 min. The supernatant fluid was centrifuged at 13,000 x g for 15 min, and the resulting pellet was washed three times with estuarine salts plus 0.1% sodium pyrophosphate, followed by centrifugation at 13,000 x g. After three washings, the pellet was resuspended to the original volume, using estuarine salts plus 0. 1% sodium pyrophosphate, and plate counts were made.
Estimating the efficiency of media for isolating petroleum-degrading microorganisms. Colonies appearing on each of the media used were counted, and representative colonies were picked from each of the duplicate plates prepared for the various agar media and purified for further study. Plates prepared by transfer from dilutions of the MPN tube cultures were included in the sampling of colonies for additional study. Five drops of the washed cultures, prepared from pure cultures grown for 2 days at 25 C, was added to 5 ml of salts solution supplemented with NO:, and P04 and containing 0.5% motor oil. A petroleum-degrading isolate, for the purposes of this study, was a pure culture producing growth in tubes containing oil, but not in tubes containing salts without oil added, the latter serving as controls.
Alteration of motor oil during autoclaving. Motor oil (5 g, 5.6 ml) was added to each of two 2-liter flasks containing 1,000 ml of estuarine salts. One flask was autoclaved for 15 min at 121 C, 1 atm. After the sterile oil cooled to ambient temperature, the contents of both flasks were extracted twice with 50 ml of benzene. The extracts were dried over 10 g of Na2SO4 and added to 250-ml round-bottom flasks, together with an additional 50 ml of benzene to wash the Na2SO4. The extracts were concentrated to constant weight under N2 at 40 C. Each extract was analyzed by gas-liquid chromatography as described elsewhere (27) .
RESULTS AND DISCUSSION
Standard methods for enumerating petroleum-degrading bacteria, yeasts, and fungi are required if data from different laboratories are to be compared. From the studies of the enumeration of petroleum-degrading bacteria reported here, correlations can be drawn between hydrocarbon-degrading activity and numbers of petroleum degraders (r = 0.86) or the percentage of the total count that are petroleum degraders (r = 0.99) (25) .
Results of preliminary studies, using OA no. 1 whereby the oil was coated on silica gel as described by Baruah et al. (3) , showed that the numbers of petroleum-degrading microorganisms found at an oil-polluted site, namely, Colgate Creek in Baltimore Harbor, and at an oil-free site, Eastern Bay, south of Parson's Island in Chesapeake Bay, could be related to the amount of oil present in the respective environments (5, 22) . The OA no. 1 medium used in the earlier study was improved by substituting an oil sonication procedure for silica gel, i.e., OA no. 2. Autoclaving the medium with the oil did not result in significant loss of the oil, namely, 2.60% lost during autoclaving compared to 0.14% lost during laboratory evaporation to constant weight. Examination of the oil, after autoclaving, by gas-liquid chromatography revealed no significant differences between nonautoclaved and autoclaved oil. In this study the concentration of oil in the media used was 0.5% (vol/vol), the concentration yielding highest recovery of bacteria (Fig. 1) .
To enumerate bacteria, yeasts, and fungi, the media used were supplemented with antibiotics. Addition of antibiotics resulted in selective inhibition; e.g., tetracycline and streptomycin inhibited bacterial growth but did not affect adversely the counts of yeasts and fungi. Similarly, Fungizone prevented growth of yeasts and fungi but did not inhibit bacterial growth. It should be noted that addition of Fungizone to OA no. 2 was found to be selective for actinomycetes (25) .
Addition of dyes (phenol red, 0.003%; bromothymol blue, 0.003%; bromocresol purple, 0.005%; methyl red, 0.003%) to the media provided a colored background against which colonies could be observed more easily than when the standard opaque medium was used. The dyes did not inhibit growth of bacteria and, in some cases, acid production was observed around the colonies. Of 100 bacterial strains picked from OA no. 2 plates, 30 produced acid on the phenol red medium, but only 10 of the latter utilized oil as sole carbon and energy source. Hence, there was no correlation ob- (24) , using the method of Pramer (15) or of Funk and Krulwich (8), results in the production of ammonia during gela- Rea- sonably similar counts were obtained using these compounds as nitrogen source for bacteria, yeasts, and filamentous fungi.
Numbers of petroleum-degraders were compared using the MPN technique (Table 6) , basal agar, OA no. 2, and SGO ( Table 7) . As might have been expected, the highest total counts were observed on the basal agar generally used for total aerobic heterotrophic bacterial counts. Similar results were observed with the MPN method and SGO, as reported previously by Seki (18) . The SGO medium has also been used to enumerate petroleum-degrading marine bacteria using the membrane filter method (30 Counts are given per milliliter of water or per gram of sediment. of colonies from a plate of a given medium, that degraded petroleum, the MPN dilution tubes were plated and the percentage of petroleum degraders was calculated, as described above. The highest percentage of petroleum-degrading bacteria was obtained using the SGO medium (Table 9 ). Silica gel is less likely to contain the impurities present in agar. In general, yeast agar gave the highest estimate of petroleumdegrading yeast and fungi, although OA no. 2 and the SGO medium were relatively efficient (Table 10) .
Results from a battery of taxonomic tests were condensed to provide a generic description of the bacterial populations occurring on SGO medium, basal agar, and OA no. 2 (Tables 11  and 12 ). A petroleum-degrading Pseudomonas sp. was predominant in the population appearing on the SGO medium.
Other factors possibly affecting the petroleum-degrading microorganisms are incubation temperature and amount of oil present in the sediment or water under examination. The temperature of incubation will influence the number of petroleum degraders recovered. Furthermore, there may be a seasonal effect, as shown for petroleum degraders enumerated from SGO medium (Calomiris et al., J. Appl. Bacteriol., in press) ( Fig. 2) . At least two temperatures for incubation should be used for enumeration of petroleum-degrading bacteria on a monthly basis, and a temperature adaptation index (13) might prove useful. Expressing results as the percentage of total populations averaged for a given temperature is a method for normalizing the data and is recommended for environmental sites not sampled on a regular basis.
Correlation of numbers of petroleum-degrading microorganisms with amount of oil present in the given environment can be easily accomplished by extracting the water or sediment sample with an organic solvent and comparing the results with the number of petroleum degraders estimated for the sample. Using this approach, the total number of petroleum-de- Table 11 ). Fig. 2-4 were taken.
water (Fig. 4) . Similarly, low numbers or percentages of petroleum-degrading fungi did not correlate with high amounts of benzene-extractable material in sediment (Fig. 5) . These data are important if the number of petroleumdegrading microorganisms in a sample is to be correlated with the amount of petroleum pollution.
Other factors, such as concentration of organic and inorganic nutrients, extent of grazing on the bacteria by higher trophic levels, etc., can affect the number of petroleum-degrading microorganisms, but these factors can usually be normalized by calculating the percentage of petroleum degraders comprising the total population and comparing the values thus obtained. The concentration of organic and inorganic nutrients present in a sample will clearly influence the activity of petroleum-degrading microorganisms (28) .
In summary, enumeration of petroleum-degrading microorganisms requires that all pure cultures that are isolated be examined for ability to utilize oil to obtain a valid estimate of the number of petroleum-degrading microorganisms comprising the population. Petroleumdegrading microorganisms should be expressed as a percentage of the total population whenever possible. It is recommended that SGO medium be used to isolate petroleum-degrading bacteria and that the yeast medium described here be used to isolate petroleum-degrading yeasts and fungi. The temperature of incubation should be considered carefully, and duplicate sets of count plates should be incubated at two or more temperatures. If correlations are to be made between presence of petroleum degraders and concentration of oil in the sample, percentage of petroleum degraders in the total microbial population of the sample should be used, not the total numbers, and the amount of oil in the organic extractable material should be determined. 
